Abstract: To investigate anti-inflammatory effects of carotenoids from Halocynthia roretzi, gene expression levels were measured for pro-inflammatory cytokines and enzymes in the murine macrophage-like cell line, RAW264.7, stimulated with lipopolysaccharide (LPS). All-trans alloxanthin, all-trans diatoxanthin, and their 9-cis isomers isolated from H. roretzi significantly suppressed expression of IL-1b and IL-6 mRNA in cells induced by LPS without cytotoxicity. The expression level of IL-1b mRNA in cells treated with 25 mM all-trans alloxanthin for 24 h, followed by stimulation with 0.1 mg/mL LPS for 24 h in the presence of carotenoid decreased to 33.7±3.0% from that of control cells stimulated with LPS alone. All-trans diatoxanthin, 9-cis alloxanthin and 9-cis diatoxanthin also decreased expression of IL-1b mRNA to 25.1±2.1, 28.2±0.9 and 32.9±3.3%, respectively, from that of control cells stimulated with LPS. IL-1b production in culture medium was also suppressed by all-trans alloxanthin and all-trans diatoxanthin. Furthermore, all-trans alloxanthin, all-trans diatoxanthin and their 9-cis isomers suppressed the overexpression of cyclooxygenase-2 and nitric oxide synthase mRNA in RAW264.7 cells induced by LPS. The suppressive effects of these carotenoids were remarkable compared to those of b-carotene and zeaxanthin.
INTRODUCTION
Carotenoids are a family of natural pigments with at least 700 members. Marine organisms are known to contain many kinds of carotenoids with unique structures. For example, the sea squirt Halocynthia roretzi contains a number of carotenoids including halocynthiaxanthin, alloxanthin, diatoxanthin, mytiloxanthin and fucoxanthinol with allenic, acetylenic and epoxicide structures in the molecule 1, 2) . Previous studies have shown that holocynthiaxanthin exhibits an antiproliferative effect on various tumor cells 3) , inhibition of reverse transcriptases of immunodeficiency viruses 4) , and suppression of both superoxide and nitric oxide generation 5) . We and others have also reported that halocynthiaxanthin and fucoxanthinol induce apoptosis in human leukemia, colon and breast cancer cells 6, 7) . However, there are no reports concerning the health benefits of alloxanthin and diatoxanthin, which are the major carotenoids in H. roretzi.
Macrophages play a crucial role in inflammation and immunity, such as regulation of antibody production and secretion of cytokines 8, 9) . They also play an important part in host defense against noxious substances 10) . In addition, activation of macrophages induces expression of inducible cyclooxygenase-2 (COX-2) and nitric oxide synthase (iNOS) to produce inflammatory mediators such as prostaglandin E 2 11) and NO 12) . However, their excess production of inflammatory cytokines and mediators causes tissue damage associated with acute and chronic inflammation, which results in inflammatory disorders 13, 14) . Lipopolysaccharide (LPS) from Gram-negative bacteria is known to induce genes for inflammatory cytokines, COX-2 and iNOS by activation of macrophages through regulation of the transcriptional factor nuclear factor-kB (NF-kB) 15) and activator protein 1 (AP-1) signaling pathways 16) . It has been demonstrated that b-carotene 17) , lycopene 18) and astaxanthin 19, 20) suppress the LPS-induced inflammatory response in the murine macrophage-like cell line, RAW264.7. In addition, fucoxanthin, which is found in brown algae, has also been reported to exert anti-inflammatory effects in vivo and in vitro 2 1 ) . These results suggest that other carotenoids are expected to show anti-inflammatory effects through down-regulation of the genes for proinflammatory cytokines, iNOS and COX-2.
Our main focus in this study was on carotenoids isolated from H. roretzi, because these possess a similar structure to that of fucoxanthin to exhibit anti-inflammatory effects in vitro and in vivo 21) . To evaluate the anti-inflammatory effects of carotenoids from H. roretzi, their suppressive effects on the expression of pro-inflammatory genes in LPS-stimulated RAW264.7 cells were measured. The present results demonstrate that all-trans alloxanthin, alltrans diatoxanthin and their 9-cis isomers can potentially suppress the expression of IL-1b, IL-6, COX-2 and iNOS mRNA in RAW264.7 cells induced by LPS.
EXPERIMENTAL

1
H. roretzi was obtained from Marine Tec Inc. (Kamaishi, Japan). RPMI 1640 medium and antibiotics were purchased from Gibco (Grand Island, NY, USA). Fetal bovine serum (FBS) was obtained from Thermo Trace Ltd. (Melbourne, Australia). LPS from Escherichia coli and b-carotene were purchased from Sigma (St Louis, MO, USA). Zeaxanthin was purchased from Extrasynthese (Genay, France).
2
H. roretzi Crude lipids were extracted from H. roretzi with two volumes of acetone for 4 days at room temperature under shade. Extraction was repeated twice. Then, acetone was evaporated, and the crude lipids obtained were applied onto a silica gel column with n-hexane. Non-polar lipids were first removed by n-hexane:diethylether (95:5, v/v), and the crude carotenoids were then eluted with acetone. Crude carotenoids were then separated into five fractions by means of preparative silica gel thin layer charomatography (TLC) using ethyl acetate:n-hexane (4:6, v/v) as a developing solvent. Relative front values of each fraction were 0.7 (fraction 1), 0.6 (fraction 2), 0.4 (fraction 3), 0.2 (fraction 4) and 0.15 (fraction 5). Since fraction 2 exhibited the highest activity on down-regulation of IL-1b mRNA induced by LPS, fraction 2 was further purified by a high performance liquid chromatography (HPLC). All-trans alloxanthin (retention time (RT): 9.7 min), all-trans diatoxanthin (RT: 10.4 min), 9-cis-alloxanthin (RT: 13.5 min) and 9-cis-diatoxanthin (RT: 15.0 min) were isolated from fraction 2 by HPLC (Hitachi L-7100, Tokyo, Japan) using two connecting Develosil ODS-UG-5 columns (150 4.6 mm, Nomura Chemical Co., Aich, Japan). The mobile phase used was methanol:acetonitrile (7:3, v/v) at a flow rate of 1.0 ml/min, and carotenoids were detected at 450 nm. Alltrans alloxanthin (RT: 17.6 min) was further purified by HPLC with two connecting Develosil ODS-UG-5 columns (150 4.6 mm) with acetonitrile at a flow rate of 1.0 ml/min.
The structures of carotenoids isolated from H. roretzi were identified by UV-VIS spectra, ESI-MS, 1 H NMR and 13 C NMR ( ). The UV-VIS spectra were recorded with a Shimadzu U-240 spectrophotometer in diethyl ether (Et 2 O). The ESI-MS spectra were recorded using a JEOL JMS-700TZ mass spectrometer. 22) .
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Mouse macrophage-like cell line, RAW264.7 was obtained from the Dainippon Sumitomo Pharma Co., Ltd. (Osaka, Jpan). RAW264.7 cells were cultured in RPMI 1640 medium with 10% fetal bovine serum (FBS), 100 U/mL penicillin and 100 mg/mL streptomycin in a humidified atmosphere of 95% air and 5% CO 2 at 37 . After 24 h pre-incubation, the carotenoids isolated from H. roretzi were added into the culture medium as dimethyl sulfoxide (DMSO) solution, and the cells were incubated for 24 h. b-Carotene and zeaxanthin were added as tetrahydrofuran (THF) solution. Final DMSO or THF concentration was adjusted to less than 0.5% in the culture medium. Then, LPS was added into the culture medium at 0.1 mg/mL or 1 mg/mL in the presence of carotenoids, and RAW264.7 cells were stimulated for additional 24 h.
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RAW264.7 cells (5 10 4 cells/well) were cultured in a 96-well microplate with 100 mL medium and incubated as described in 2.3 Cell culture. Cell viability was expressed as a percentage of the control by measuring the density of color produced from WST-1 dye at 450 nm (Wako Pure Chemical, Osaka, Japan). The WST-1 assay is based on cleavage of the tetrazolium salt WST-1 by mitochondrial dehydrogenase of viable cells 23) .
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RAW264.7 cells (5 10 5 cells/well) were cultured in a 6-well culture plate with 5 mL medium and incubated as described in 2.3 Cell culture. Total RNA was extracted from RAW264.7 cells using RNeasy Mini Kit (Qiagen, USA) according to the manufacturer's protocol. Then, cDNA was synthesized from total RNA using the High-Capacity cDNA Archive Kit (Applied Biosystems Japan Ltd, Tokyo, Japan). Real-time quantitative RT-PCR analysis was performed with an automated sequence detection system (ABI Prism 7500; Applied Biosystems Japan Ltd, Tokyo, Japan). PCR cycling conditions were perfomed at 50 for 2 min, 95 for 10 min, and cycled at 95 for 15 s and 60 for 1 min for 40 cycles in PRISM 7500. TNFa, IL-1b, IL-6, COX-2, iNOS and b-actin mRNA were measured by using TaqMan ® Gene Expression Assays (Applied Biosystems Japan Ltd, Tokyo, Japan). PCR primers for TNFa: (Mm00443258_ m1), IL-1b : (Mm00434228_m1), IL-6 : (Mm00446190_m1), COX-2 : (Mm00478374_m1), iNOS : (Mm00440485_m1), and b-acthin : (Mm00607939_s1)) were purchased from Applied Biosystems Japan Ltd, (Tokyo, Japan).
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RAW264.7 cells (1 10 4 cells/well) were cultured in a 96-well microplate with 100 mL medium and incubated as described in 2.3 Cell culture. The amount of IL-1b production in the culture medium was measured by enzymelinked immunosorbent assay (ELISA) using commercialized IL-1b ELISA kit (PIERCE, Rockford, IL, USA).
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The results are shown as means ± standard deviation (SD). Differences between each group and the control group were examined for statistical significance using Dunnett's t-test at P<0.01 or P<0.05.
RESULTS
1
To investigate cytotoxicity of carotenoids isolated from H. roretzi, RAW264.7 cells were treated with carotenoids for 24 h, followed by stimulation with 0.1 mg/mL LPS for an additional 24 h in the presence of carotenoids. All-trans alloxanthin, all-trans diatoxanthin and 9-cis alloxanthin showed no cytotoxicity for RAW264.7 cells at 50 mM ( ). 9-cis Diatoxanthin slightly decreased cell viability to 83.3 ± 3.7 and 78.1 ± 2.9% of control at 25 and 50 mM, respectively.
2
The effects of carotenoids isolated from H. roretzi on the LPS-induced expression of pro-inflammatory cytokines mRNA in RAW264.7 cells were examined at non-cytotoxic concentrations of carotenoids. IL-1b and IL-6 mRNA was hardly detectable in steady-state RAW264.7 cells, while TNFa mRNA was detectable without LPS stimulation. Incubation with 0.1 mg/mL LPS for 24 h markedly increased IL-1b, IL-6 and TNFa mRNA expression in the cells (
). All-trans alloxanthin and all-trans diatoxanthin attenuated LPS-induced IL-1b mRNA expression in a dose-dependent manner, corresponding to 33.7 ± 3.0 and 25.1 ± 2.0%, respectively, of the inhibition at 25 mM ( ). Furthermore, their 9-cis isomers also exhibited a significant suppressive effect on IL-1b mRNA expression. These carotenoids inhibited the LPS-induced expression of IL-6 mRNA ( ). On the other hand, all-trans diatoxanthin and 9-cis alloxanthin slightly decreased TNFa mRNA expression compared to the control cells treated with LPS alone, although all-trans alloxanthin and 9-cis diatoxanthin did not decrease TNFa mRNA expression ( ). It was demonstrated that b-carotene suppressed the expression of IL-1b mRNA in RAW264.7 cells treated with LPS, while it did not affect the expression of IL-6 mRNA ( ). In contrast, zeaxanthin did not show a suppressive effect on IL-1b and IL-6 mRNA expression ( ). To evaluate the effect of all-trans alloxanthin and alltrans diatoxanthin on inflammatory cytokine production, IL-1b concentration in the culture medium was measured by ELISA. As shown in , all-trans alloxanthin and alltrans diatoxanthin significantly suppressed the LPSinduced production of IL-1b. Pretreatment of RAW264.7 cells with 25 mM all-trans alloxanthin and all-trans diatoxanthin for 24 h resulted in a 40% and 50% decrease, respectively, in IL-1b compared to the control cells treated with LPS. 9-cis Diatoxanthin (12.5 mM) also suppressed IL-1b production. cis isomers markedly down-regulated COX-2 mRNA expression in RAW264.7 cells treated with LPS, at each concentration between 6.25 and 25 mM ( ). Relative expression of COX-2 mRNA in cells treated with 25 mM alltrans alloxanthin, all-trans diatoxanthin, 9-cis alloxanthin and 9-cis diatoxanthin was 49.4 ± 0.8, 57.2 ± 8.2, 41.4 ± 3.7 and 56.9 ± 2.1%, respectively. The LPS-induced expression of iNOS mRNA in cells was also attenuated by these carotenoids as shown in . In contrast, b-carotene and zeaxanthin slightly suppressed COX-2 and iNOS mRNA expression at a concentration of 25 mM ( ). However, their suppressive effects on the LPS-induced expression of COX-2 and iNOS mRNA were weaker compared to those of all-trans alloxanthin and all-trans diatoxanthin.
DISCUSSION
Inflammation is well known to be involved in the pathogenesis and the development of many acute and chronic inflammatory diseases 13, 14) . Macrophages play a crucial role in the inflammatory response, through producing proinflammatory cytokines such as IL-1b, IL-6 and TNFa, as well as COX-2 and iNOS, which catalyze production of prostaglandin E 2 and NO 11, 12) . The present study demonstrated that all-trans alloxanthin, all-trans diatoxanthin and their 9-cis isomers isolated from H. roretzi suppressed the LPS-induced expression of IL-1b and IL-6 mRNA in RAW264.7 cells. Furthermore, down-regulation of IL-1b mRNA by all-trans alloxanthin and all-trans diatoxanthin correlated with cytokine production in the culture medium. These results indicate that all-trans alloxanthin, all-trans diatoxanthin and their 9-cis isomers are effective compounds for attenuating IL-1b production through down-regulation of mRNA expression in the LPS-stimulated RAW264.7 cells. IL-1b has been shown to be an important cytokine in chronic inflammatory diseases 24, 25) . Although the present study predominantly modeled an acute inflammatory condition induced by LPS 26) , our results provide useful information regarding the effectiveness of all-trans alloxanthin, all-trans diatoxanthin and their 9-cis isomers for preventing both acute phase and chronic inflammation.
All-trans alloxanthin, all-trans diatoxanthin and their 9-cis isomers also attenuated the LPS-induced mRNA expression of COX-2 and iNOS in RAW264.7 cells. Activated macrophages produce a large quantity of PGE 2 and NO, which causes a variety of inflammatory diseases, and the increased expression of COX-2 and iNOS are responsible for the production of PGE 2 and NO 11, 12) . Therefore, the present results indicate that these carotenoids may exhibit anti-inflammatory effect through the down-regulation of the mRNA for COX-2 and iNOS as well as pro-inflammato- All-trans alloxanthin and all-trans diatoxanthin have been reported to be major carotenoids in H. roretzi 1, 2) . Both carotenoids can be found in several algae such as the Cryptophyceae 27) and dinoflagellates 28) . 9-cis Alloxanthin has also been isolated from a bleached, autolyzed culture of the marine cryptomonad Chroomonas salina grown on glycerol in light 29) . Thus, although distribution of these carotenoids is widely known, to the best of our knowledge, there are no reports about the potential health benefits of alloxanthin and diatoxanthin. Furthermore, there are only a few reports regarding the biological activity of cis marine carotenoids 30) . Therefore, the present results are noteworthy for their evaluation of the function of marine carotenoids.
We also examined the effect of b-carotene and zeaxanthin on the LPS-induced expression of pro-inflammatory cytokine mRNA. Bai et al. 17) have already been reported anti-inflammatory effects of b-carotene on RAW264.7 cells. In this study, down-regulation of IL-1b mRNA by bcarotene was intended to be weaker compared to those of alloxanthin and diatoxanthin. In addition, zeaxanthin did not suppress expression of pro-inflammatory cytokine mRNA in RAW264.7 cells treated with LPS. Although the mechanism involved has not been elucidated in detail, these results suggest that the actual structure of carotenoid is the key to their anti-inflammatory effects. Further investigation is required to evaluate the molecular mechanisms in the anti-inflammatory effects of all-trans alloxanthin, all-trans diatoxanthin and their 9-cis isomers isolated from H. roreti.
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